Recently, ultrasonic imaging of soft tissue mechanics has been increasingly studied to image otherwise undetectable pathologies. However, many underlying mechanisms of tissue stiffening remain unknown, requiring small animal studies and adapted elasticity mapping techniques. Harmonic motion imaging (HMI) assesses tissue viscoelasticity by inducing localized oscillation from a periodic acoustic radiation force. The objective of this study was to evaluate the feasibility of HMI for in vivo elasticity mapping of abdominal organs in small animals. Pathological cases, i.e. chronic pancreatitis and pancreatic cancer, were also studied in vivo to assess the capability of HMI for detection of the change in mechanical properties. A 4.5-MHz focused ultrasound transducer (FUS) generated an amplitude-modulated beam resulting in 50-Hz harmonic tissue oscillations at its focus. Axial tissue displacement was estimated using 1D-cross-correlation of RF signals acquired with a 7.8-MHz diagnostic transducer confocally aligned with the FUS. In vitro results in canine liver and kidney showed the correlation between HMI displacement and Young's moduli measured by rheometry compression tests. HMI was able to provide reproducible elasticity maps of the mouse abdominal region in vivo allowing the identification of, from stiffest to softest, the murine kidney, pancreas, liver, and spleen. Finally, pancreata affected by pancreatitis and pancreatic cancer showed HMI displacements 1.7 and 2.2 times lower than in the control case, respectively, indicating higher stiffness. HMI displacement was correlated with the extent of fibrosis as well as detecting the very onset of stiffening even before fibrosis could be detected on H&E. This work shows that HMI can produce reliable elasticity maps of mouse abdominal region in vivo providing a crucial tool to understand pathologies affecting organ elasticity.
Introduction
Palpation has been a standard medical practice for qualitative assessment of tissue stiffness since the earliest recorded days of medicine. Many otherwise undetectable abdominal pathologies result in tissue stiffness changes, and in certain cases, stiffness correlates with disease severity. For example, many cancers can be detected as stiff masses surrounded by softer normal tissue. However, detection and evaluation by palpation can be difficult or impossible due to lesion size, stiffness, and/or location. In addition, diffuse diseases such as pancreatitis may increase the stiffness of the whole organ without distinctive contrast.
Tissue mechanical properties can be assessed with non-destructive and non-invasive, quantitative elastography in situ. These techniques generate a mechanical perturbation in the targeted tissue and infer its mechanical properties from its monitored response. The perturbation can be externally-generated as in quasi-static (Ophir et al. 2002) , transient ) and dynamic elastography (Parker et al. 1990; Shi et al. 1999) or Magnetic Resonance Elastography (MRE) (Godfrey et al. 2013; Kruse et al. 2000; Muthupillai et al. 1995) . Other techniques use internal stimulus as in vibroacoustography (Fatemi and Greenleaf 1998) , Shear Wave Elastography (SWE) (Barry et al. 2012; Barry et al. 2014; Bercoff et al. 2004; Chen et al. 2013; Sapin-de Brosses et al. 2011; Sarvazyan et al. 1998; Zhu et al. 2014) and Acoustic Radiation Force Impulse (ARFI) imaging (Nightingale et al. 2001) . Several studies have shown the clinical feasibility of elasticity imaging to assess mechanical properties of different soft tissues such as the breast (Bercoff et al. 2003) , the arterial wall (Couade et al. 2010 ) and the liver (Wang et al. 2012 ).
However, many underlying mechanisms of tissue stiffening remain unknown. Animal models, and in particular rodents, are necessary in this context to understand the implications of mechanical properties on the state of the studied tissue. These small animal studies require high spatial resolution due to the small volume of the targets and high temporal resolution due to faster physiological functions. To our knowledge, few studies have addressed the assessment of mechanical properties in abdominal organs of small animals for these reasons, and even fewer, if any, have been able to provide a map showing their elasticity.
Elastography has been used in small animals in vivo mostly for liver stiffness estimation with transient micro-elastography (TME) (Bastard et al. 2011) , MRE (Salameh et al. 2009; Yin et al. 2007b) , ARFI SWE (Chia-Lun Yeh et al. 2014) . These studies estimate the extent of liver stiffening due to fibrosis and/or steatosis with good agreement compared to the reference histology analysis. In vitro studies also showed the potential of elastography for viscoelastic assessment of small animal fibrotic liver using shear wave dispersion as a function of frequency (Barry et al. 2012; Barry et al. 2014; Chen et al. 2013; Zhu et al. 2014) . Kidney stiffness was assessed in rats using MRE in the case of nephrocalcinosis (Shah et al. 2004 ) and with SWE for glomerulosclerosis (Derieppe et al. 2012) . Both studies report stiffening according to the pathology progression. However, to the best of our knowledge, there is no study in small animals regarding elastography applied to the spleen and the pancreas, nor comparing different abdominal organs. Moreover, out of all the aforementioned articles, only two show elasticity-based maps (Salameh et al. 2009; Yin et al. 2007b) , both in the largest organ, i.e. the liver, with a resolution too low to distinguish different tissues. This void is due to the characteristics of these techniques limiting their use in small animals. TME requires a relatively large, superficial, and homogeneous tissue, which limited its use for point-by-point assessment of the liver. MRE remains very expensive, preventing its routine use in animal laboratories. The small scale also limits the use of propagation-based techniques such as SWE. The geometry of abdominal organs also makes the shear wave signal very complex.
Harmonic Motion Imaging (HMI) assesses tissue viscoelasticity by inducing localized oscillation resulting from an amplitude-modulated acoustic radiation force (Konofagou and Hynynen 2003; Maleke et al. 2006 ). An imaging probe is confocally aligned with the focused ultrasound transducer (FUS). Frame-to-frame displacement is assessed using a 1D cross-correlation algorithm. The amplitude of the displacement is directly related to the underlying tissue stiffness. HMI has several advantages. First, the imaging component of the system may be any commercially-available clinical imaging probe. Second, the FUS transducer uses high power output which can assess deep organs and a wide range of stiffness. In addition, noise, speed of sound variation and physiologic motion can easily be filtered out due to the specific AM frequency of the displacement signal. In the context of small animal studies with small targets, HMI benefits from probing directly at the focal region at a submillimetric scale. An additional advantage of HMI over ARFI is that it can provide real-time feedback during the force application at the transducer focus, which is of particular interest when coupled to High-Intensity Focused Ultrasound (HIFU) treatment for monitoring without interruption of the high-intensity beam and adaptively adjusting the dose delivered.
HMI has recently been shown capable of assessing the elastic properties of biological tissues, and its feasibility has been demonstrated in polyacrylamide gels and in ex vivo canine liver specimens (Vappou et al. 2015) . The stiffness index introduced in this study, E HMI , was very well correlated to the Young's modulus in numerical simulation (r 2 > 0.99) and tissue mimicking phantoms (r 2 = 0.95). Although Young's modulus is not directly quantified, this study showed that HMI displacement can serve as a qualitative marker reflecting the elasticity of different types of tissue. Another study from Chen et al. (Chen et al. 2015a) showed the in vivo feasibility of HMI assessment without damage to the tissue using a 2.5-MHz imaging probe in the case of a murine model for pancreatic tumor. The normal pancreas showed HMI displacement 3.2 times higher than the malignant pancreas.
This study investigates the feasibility of HMI as an in vivo elasticity mapping technique for abdominal organs in mice. For this purpose, a 7.8-MHz imaging probe was implemented in order to be able to acquire higher resolution elasticity maps. The first objective of this paper was to validate HMI displacement values against Young's modulus measured with rheometry in vitro in canine organs. The second part focused on evaluating the in vivo feasibility of HMI for elasticity mapping of mouse abdominal organs. Finally, the third objective was to use HMI to discriminate healthy from pathological organs in the case of chronic pancreatitis and pancreatic ductal carcinoma (PDA).
Material and methods

HMI setup
The system is briefly described in this article (Figure 1 ). For more details, please refer to our group's previous publications (Hou et al. 2014) . A 93-element phased array transducer (H-178, Sonic Concept Inc. Bothell WA, USA) was used in this study to generate the acoustic force at the focus. The −6 dB focal region has an ellipsoid shape with 1.35 mm in the axial direction and 0.25 mm in the lateral direction. A dual-channel arbitrary waveform generator (AT33522A, Agilent Technologies Inc., Santa Clara, CA, USA) sent an amplitudemodulated (AM) signal (f carrier = 4.5 MHz and f AM = 25 Hz) to drive all 93 channels simultaneously after amplification by a nominal 50-dB gain power amplifier (325LA, E&I, Rochester, NY, USA). The resulting beam generated a 50-Hz harmonic tissue oscillatory motion at the transducer focus. The FUS acoustic power measured in water was 5.04 W.
Axial tissue displacement was estimated using RF signals acquired with a 104-element diagnostic transducer (P12-5, ATL/Philips, Bothell, WA, USA, fc = 7.8 MHz) confocally aligned with the FUS transducer. A Vantage 256 system (Verasonics, Bothell, WA, USA) was used to operate the imaging probe in a plane-wave beam sequence with a framerate of 1 kHz.
A respiration gating system (Biopac System, Santa Barbara, CA, USA) was used to acquire data only in-between two breath-holds. Respiration was monitored using a pressure sensor linked to a MP150 Data Acquisition System. The analog signal from the MP150 was then converted to trigger the Vantage system, itself triggering the waveform generator for simultaneous sonication and data acquisition.
For each position, the FUS exposure lasted 0.2 s, during which 200 RF frames (10 oscillation cycles) were acquired. A GPU-based beamforming (Hou et al. 2014 ) was performed along with an upsampling to reach a 125 MHz sampling frequency. The FUS signal and its harmonic were then filtered out using two notch filters at 4.5 and 9 MHz. The axial displacement was estimated using a 1D cross-correlation algorithm (Luo and Konofagou 2010) along each lateral beam lines on consecutive frames. The correlation window was 0.98-mm long with 95% overlap. A bandpass filter around 50 Hz was applied to further reduce electronic noise. The median peak-to-peak displacement amplitude was calculated for each pixel.
For each tissue, 2 to 6 HMI measurements at different locations were probed. For each measurement, a ROI was manually drawn on the Bmode reconstructed from the RF data. The HMI values presented in this work are mean values ± standard deviation calculated on all the pixels selected in all measurements for each tissue. A two-tailed t-test with a threshold p-value of 0.05 was used to determine the significance of the difference in mean displacement.
Rheometry
Canine livers and kidneys were harvested on two freshly sacrificed control dogs used in other experiments. These organs were kept frozen 3 to 7 days before HMI assessment when they were thawed overnight and degassed in PBS before being pinned down to an absorber in a PBS tank. For each tissue, HMI measurements were performed in 6 locations separated by 3 mm.
A 6-mm biopsy punch was used to extract a total of 13 cylindrical samples right after the HMI scan (diameter = 4.90 ± 0.39 mm and height = 5.27 ± 1.33 mm) from the liver (n = 7), and from the kidney (n = 3 from the external cortex region and n = 3 from the internal pelvis region). Mechanical testing was performed on these samples using compression rheometry (ARES-G2, TA Instrument, New Castle, DE, USA) in a static force gap test. The sample was placed in PBS between two stationary plates. A preliminary 10% compressional strain was applied to insure contact at the interfaces. Then, the stress was measured as the strain was increased by reducing the gap between the two plates. The Young's modulus was then calculated for each sample and plotted against its HMI displacement.
In vivo mouse protocol
In accordance with the National Institutes of Health Guidelines for animal research, all animal procedures were reviewed and approved by the Institutional Animal Care and Use Committee of the Columbia University. A total of 34 mice (age 8-20 weeks) were utilized in this study. Ten BalbC mice were used for the in vivo elasticity mapping, and 24 genetically engineered mice were used for the pathological study in which the control results were provided with the previously mentioned 10 BalbC mice.
All the animals were anesthetized with 1-2% isoflurane in oxygen throughout the whole procedure, which lasted less than 1 hour. The mice were placed in supine position on a heating pad with their abdomen depilated. A container filled with degassed water was placed with an acoustically-transparent window above their abdomen and coupled with degassed ultrasound gel. For each animal, 2 to 4 planes separated by 1 mm in the elevation direction of the imaging probe were scanned depending on the size of the acoustic window available.
A 18.5-MHz diagnostic probe (L22-14v, Verasonics) was used to locate, and identify the different organs. A marker was then placed in the water container above the mouse for spatial correlation between the high-frequency images and the HMI system Bmode.
The HMI system was mechanically moved using a 3D positioner (Velmex Inc., Bloomfield, NY, USA) to probe each entire Bmode plane. Experiments in a homogeneous tissuemimicking phantom (data not shown) have shown that the region engaged in oscillation (calculated as demonstrating 90% of the maximum displacement or more) was approximately 3.6 × 4 mm 2 . Thus, the raster scan was performed with 1.8 mm-lateral step and 2.0 mm-axial step for a total acquisition time of 30 seconds to cover a 12.6 × 10 mm 2 imaging plane.
To reconstruct the entire imaging plane, the displacement amplitude maps from all positions were averaged with a weight attributed to each pixel according to its distance to the focal. In addition, attenuation was compensated by where D z and D z 0 are the displacements measured at depth z and at the focal depth z 0 , f is the imaging frequency, and α is the attenuation coefficient fixed at 0.5 dB/cm/MHz (Chen et al. 2015b ).
Chronic pancreatitis and PDA
K-ras LSL.G12D/+ ; PdxCre tg/+ mice (N = 14), also called KC mice, were used in this study (Hingorani et al. 2003) . The KC mice are prone to developing pancreatic cancer ductal adenocarcinoma (PDA) at advanced ages (> 1yr). Prior to tumor onset, the pancreata of KC mice are prone to spontaneous inflammation (pancreatitis), and this can be dramatically exacerbated through administration of cerulein, a peptide analog of cholecystokinin. We treated 8 -20 week old, tumor-free KC mice with cerulein (250mg/kg, i.p, daily for 5 days) to induce chronic pancreatitis (Ardito et al. 2012) . One week after induction, the mice were handled and scanned as described in the previous section.
Following HMI, mice were euthanized and necropsied. The pancreas was prepared for H&E staining with care taken to maintain the head-tail orientation of the organ. Whole pancreas slides were examined under the microscope by a blinded expert with magnifications from ×4 to ×10. Fibrosis extent was calculated as a percentage area relative to the whole pancreatic surface. The mice were classified according to the % fibrotic area in 3 groups: 0-25%, 25-50% and over 50%.
In addition, five cases of PDA in a transgenic mouse model were also scanned. Kras LSL.G12D/+ ; p53 LSL.R172H/+ ; PdxCre tg/+ (KPC) mice spontaneously develop PDA with a mean latency of 5.5 months (Hingorani et al. 2005) . KPC mice develop tumors with pathophysiological and molecular characteristics similar to those present in human PDA. We identified tumor-bearing KPC mice through weekly palpation and high resolution ultrasound imaging, as previously described (Olive et al. 2009; Sastra and Olive 2013) . Mice with tumors 3-5 mm in diameter were used as described in the previous section.
Results
The results showed that HMI was capable of providing reproducible elasticity maps of the abdominal region in vivo. The technique was also able to differentiate pancreatitis from normal pancreas.
In vitro: HMI vs rheometry
The canine organ study showed excellent agreement (R 2 > 0.99) between mechanical testing and the HMI measurements (Figure 2) . The Young's moduli of the liver, renal cortex and renal pelvis were 4.9 ± 1.4 kPa, 7.9 ± 1.3 kPa, and 13.1 ± 4.0 kPa, respectively, from the softest to the stiffest. The HMI results of these tissues were significantly different (p < 0.05) with mean displacements of 13.3 ± 0.5 µm, 11.1 ± 0.9 µm, and 8.1 ± 1.5 µm, respectively, properly reflecting the stiffness order observed with rheometry.
In vivo HMI mapping
HMI enabled the acquisition of in vivo elasticity maps in the mouse allowing abdominal organ identification, and the assessment of their elasticity. The results obtained in the spleen, the liver, the pancreas, and the kidney (from softest to stiffest) of 10 control mice are shown in Table 1 . Significant difference (p < 0.05) was observed between the kidney and all the other organs. The spleen was shown to be the softest organ, but results also showed high standard deviation. The pancreas and the liver demonstrated intermediate HMI values. Figure 3 shows two imaging planes displaying different organs of the same mouse (called Mouse A). Plane #1 shows the kidney and the liver with intestines in between. The mean HMI displacements were significantly different for these two organs (8.3 ± 1.9 µm and 15.6 ± 2.2 µm, respectively, p < 0.05). These results confirm the rheometry measurements demonstrating that the liver is softer than the kidney. Imaging plane #2 displays the kidney, the pancreas and the spleen with significantly different HMI displacements (6.1 ± 1.2 µm, 11.6 ± 1.8 µm, and 18.8 ± 5.5 µm, respectively, p < 0.05). Values for intestines are not presented as delineation, and gaseous content hindered the calculation of reliable HMI displacement which was reflected by a low mean correlation coefficient (< 0.8).
The liver and the left kidney of Mouse A were then scanned ex vivo (Figure 4) . The HMI displacements were measured at 14.2 ± 3.1 µm and 4.2 ± 1.0 µm, respectively (p < 0.05). This experiment confirms the range of values observed in vivo and the relative stiffness between these two organs.
Chronic pancreatitis and PDA
Overall, pancreata from transgenic mice injected with cerulein presented HMI displacements on the average 1.7 times lower than in the normal pancreas (7.3 ± 2.1 µm and 12.5 ± 2.6 µm, respectively, p < 0.01) indicating higher overall stiffness.
H&E staining allowed the quantification of fibrotic tissue across the entire pancreas as shown in Figure 5 . About 85% of normal pancreatic tissue is composed of acinar cells (Hruban et al. 2007 ) which appear on H&E sections with an eosinophilic cytoplasm and an organized, regular pattern. By contrast, fibrotic pancreas tissue loses acinar cells through a process of acinar-to-ductal metaplasis, resulting in a disorganized appearance that lacks the intense pink stain of normal acinar cells. These two states are easily distinguished from low magnification, facilitating simple quantification of percent fibrotic pancreatic tissue.
When subdivided based on the extent of fibrosis (Figure 6 ), HMI was able to distinguish control from any extent of fibrosis. Even when the pancreas only presented low extent of fibrosis (< 25%), HMI picked up a significantly lower displacement (7.8 ± 2.4 µm, p < 0.01). HMI was sensitive enough to detect the early onset of stiffening even before fibrotic tissue appear (0% score in H&E staining). Moreover, HMI displacements were significantly lower for the severely fibrotic cases (> 50% fibrotic tissue) than the less severe cases (5.6 ± 0.7 µm versus 8.1 ± 2.0 µm, p < 0.01) indicating that decreased displacement correlates with severity of fibrosis in mice with pancreatitis.
Finally, the PDA cases demonstrated HMI displacements 2.2 times lower than in the control mice (5.6 ± 0.9 µm, p < 0.001). The PDA results were similar to those from the highly fibrotic group, and significantly lower than the below 50% fibrotic pancreata (p < 0.01).
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Discussion
Elasticity assessment can provide critical information in the diagnosis of abdominal pathologies. However many underlying mechanisms of tissue stiffening remain unknown and require small animal studies. Elastography is not commonly used in vivo for abdominal mapping in small animals due to spatial resolution requirements, motion, heterogeneity, and boundary issues. This study demonstrates for the first time that HMI can provide reliable elasticity maps in mice reflecting the stiffness of abdominal organs in healthy animals as well as in pathological cases such as chronic pancreatitis and pancreatic cancer. This work shows that HMI can answer the need for an elastography technique for screening and small animal studies due to its low cost, efficient noise filtering and deep penetration. Moreover, previous work showed that the short duration of the acoustic exposure (0.2 s) prevents any damage to the tissue (Chen et al. 2015a ).
The first part of this study validated the inverse relationship between HMI displacements and Young's modulus. Samples for rheometry were extracted from canine liver and kidney. The kidney was separated into two regions: the outer, softer cortex and the inner, stiffer pelvis. Rheometry showed that the liver is softer than the renal cortex, itself being softer than the renal pelvis in agreement with existing literature (Umale et al. 2012) . HMI showed a similar relative stiffness between these three types of tissue with significantly different values of displacement. The ratio of the moduli was not accurately reflected in HMI, which is not surprising considering the fundamental differences between the two measurements especially the tissue sampling (biopsy punch versus whole organ), and the nature of the test (static versus dynamic). Moreover, non-linear effects may also explain this discrepancy. In many tissue, Young's modulus is dependent on the level of strain applied for measurement which is low for HMI and high for rheometry. In addition, perfusion should be maintained to reproduce the in vivo viscoelastic properties in ex vivo tissue. Lack of perfusion was shown to result in tissue stiffening (Kerdok et al. 2006 ).
This study then showed the feasibility of using HMI to acquire in vivo elasticity maps in the abdominal region of mice enabling to differentiate the organs based on their mechanical properties. In this work, the spleen, the liver, the pancreas, and the kidney were all probed and mapped based on their HMI displacement. The mean HMI displacements for these 4 organs in vivo were 18.3 ± 7.0 µm, 14.2 ± 2.1 µm, 12.3 ± 2.5 µm, and 6.3 ± 1.9 µm, respectively. The values for the kidney and the liver were validated ex vivo. Small animal studies measuring stiffness in different abdominal organs are lacking. Literature does exist in big animals and patients, but comparison with our results is limited because of the differences in organ structure (Dolenšek et al. 2015; Steiniger 2015) . Moreover, definite conclusions on healthy abdominal organs relative stiffness remains to be determined. Across the literature and the different elastography techniques, the liver is commonly found to be relatively soft with a Young's modulus between 5 and 10 kPa (Bensamoun et al. 2011; Castera et al. 2010; Guo et al. 2014; Masuzaki et al. 2007; Palmeri et al. 2008; Yin et al. 2007a) , when the kidney is admitted to be stiffer (Arda et al. 2011; Bensamoun et al. 2011; Gallotti et al. 2010; Gennisson et al. 2012 ) as observed in this study. However the stiffness of the spleen and the pancreas are not as well established. Using SWE in healthy volunteers, Arda et al. (Arda et al. 2011) showed that the spleen was softer (2.9 ± 1.8 kPa) than the pancreas (4.8 ± 3 kPa), when Leung et al. (Leung et al. 2013) found the spleen to be much stiffer (17.3 ± 2.6 kPa) than the liver (5.5 ± 0.7 kPa). Results from different ARFI studies also measured a higher stiffness in the spleen than in the liver (Cabassa et al. 2015; , the pancreas and even the kidney (Gallotti et al. 2010) . More studies are needed to draw conclusions on the relative stiffness of abdominal organs both in human and small animal. In addition, studies have shown that intra-parenchymal pressure may impact tissue elasticity. Vizzutti et al. (Vizzutti et al. 2007 ) demonstrated the positive correlation between hepatic venous pressure gradient and liver stiffness in 61 patients with transient elastography. Gennisson et al. (Gennisson et al. 2012) showed that in vivo kidney elasticity increases with elevation of blood and urinary pressures using SWE in a pig model. The intra-parenchymal pressure should then be taken into account for complete interpretation of tissue changes in vivo.
A pathological case of chronic pancreatitis was also studied with HMI. Chronic pancreatitis is a progressive inflammatory disease of the pancreas, characterized by irreversible morphologic changes and gradual fibrotic replacement of the gland which induces stiffening. It is considered as one of the risk factors of pancreatic cancer (Lowenfels and Maisonneuve 2006) , the fourth leading cause of cancer death with the worst prognosis of any major tumor type (Siegel et al. 2014) . In our mouse model, inflamed pancreata demonstrated HMI displacements 1.7 times lower than normal pancreata (12.5 ± 2.6 µm vs 7.3 ± 2.1 µm). HMI was also able to differentiate low fibrosis extent from highly fibrotic pancreas (8.1 ± 2.0 µm vs 5.6 ± 0.7 µm with a 50% threshold). HMI detected the early onset of stiffening even prior to fibrotic appearance in histology. Further analysis with specific staining would be necessary to see if stiffening detection at earlier disease stages such as steatosis had already taken place in those organs. However, the early detection of pancreatitis using a technique fitted for screening such as HMI represents a major step in dealing with pancreatic cancer.
PDA cases displayed HMI displacements 2.2 times lower than the normal pancreata. These measurements were also significantly lower than the ones obtained in low fibrotic groups. Previous reports by our group (Chen et al. 2015a ) also reported that the feasibility of this technique for in vivo tumor detection in the same PDA murine model with similar results.
Normal pancreas showed HMI displacement 3.2 times higher than malignant pancreas. The small difference in ratio can be explained by the difference of systems, and the more advanced stage of the tumor (diameter > 5mm) used in previous reports.
HMI for abdominal elasticity mapping has a few limitations. First, an acoustic window and penetration are required. That is an issue for human abdominal organs as they may lie at a profound depth, with difficult acoustic access. Going through air-filled intestines affects the HMI measurement. The main consequence would be a loss of power and force at the focus together with potential defocusing. In this study, the acoustic path was always chosen on Bmode images in order to avoid air in the intestines. The HMI system is rather flexible in terms of positioning, and optimal acoustic windows can be found. This study demonstrated the capability of HMI to provide elasticity maps in different organs within the abdominal cavity. Another issue lies with the heterogeneity of the HMI displacements measured in some organs, in particular the shallow ones like the spleen. Smaller FUS focal coupled with higher imaging resolution would help reduce this variability. Boundary conditions as well as attachment to surrounding organs may also affect the measurements as they impact the oscillation of the tissues probed. The shear wave component resulting from reflection was ignored in this study. This assumption is based on the small size of our focal (0.25 × 1.35 mm2) compared to the mouse organs, and the fact that our measurement are confined to the focal region. Attenuation and viscosity rapidly decrease the amplitude of the primary shear wave as it propagates outwards from the very small focal region. Our group has published on shear waves during HMI (Vappou et al. 2009 ) and shear waves are severely dampened from the HMI focus leading to negligible effects on the displacements measured. Only a small reflected component will make it back to the region of measurement. Quantifying the reflected shear wave contribution is a particularly complex issue as you need to know the exact geometry of the tissue as well as the characteristics of the boundaries. Finally, the organs are much smaller than the shear wavelength so resonance is not an issue. Another limitation is that the HMI displacement is dependent on the force applied, which is affected by the amplitude of the signal, the AM frequency, and the attenuation. In this study, we assumed a homogeneous, constant attenuation with α = 0.5 dB/cm/MHz. Previous work from our lab (Vappou et al. 2015) have estimated the applied force by modeling the focal region as a cylindrical region inside which the volumetric acoustic radiation force is uniform. Future work will aim at refining this model in terms of force distribution and local tissue absorption to get closer to the real force profile and provide robust, quantitative viscoelastic moduli. Other methods such as Monitored Steady-State Excitation and Recovery (MSSR) aim to provide quantitative estimates of viscoelastic parameters independently of the force applied (Mauldin et al. 2008) .
Further efforts will aim at implementing electronic beam steering to replace mechanical scanning which would help for the translation toward clinical screening purposes as the system could be maintained in one position and the scanning time would be decreased. Motion compensation can also be improved on. The main limit of the respiratory gating used in this work is that it does not correct for other motion sources such as heart beats and physiologic motion. A solution developed in MR-guided HIFU treatment is to use electronic beam steering for 3D motion compensation to remain within the targeted site whatever the motion is (Ries et al. 2010; Zachiu et al. 2015) . This would require capability of tracking the target in real-time and in 3D, as well as adapting the focal position at a high temporal and spatial resolution with a low tracking latency to limit errors.
Conclusion
This study demonstrates that HMI can provide reliable elasticity maps in vivo accurately representing the relative stiffness of abdominal organs in healthy animals as well as in pathological cases such as chronic pancreatitis and pancreatic cancer. Based on acoustic force oscillations tracking, HMI was able to differentiate and localize the kidney, the pancreas, the liver, and the spleen in vivo. Moreover, HMI was applied to chronic pancreatitis and pancreatic cancer. HMI was capable of differentiating normal from inflammatory pancreata and pancreatic tumors, as well as staging the extent of fibrosis. More importantly, HMI was capable of detecting the early onset of stiffening even when fibrosis remained undetected in histology. The validation of HMI for elasticity mapping in small animals represents an important step towards future clinical applications of HMI as a promising imaging technique with screening potential. Illustration of the experimental setup and the processing performed to obtain HMI displacement maps in vivo. 
